This work examines a planar cholesteric liquid crystal ͑CLC͒ cell with a negative dielectric anisotropy, doped with laser dye, as an electrically tunable one-dimensional photonic crystal laser device. The lasing wavelength is demonstrated to be tunable by applying a voltage. Additionally, lasing can be switched on and off changing the frequency of the applied voltage. Wavelength tuning caused by the shift of the reflection band of CLC is attributed to the electrohydrodynamical effect in the negative dielectric cell. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2168259͔ Photonic crystals ͑PCs͒, which have a periodic dielectric structure with a periodicity in the range of optical wavelengths, have attracted considerable attention because of their fundamental importances and practical applications. The propagation of light in such PCs is analogous to the well-known wavelike propagation of electrons in a crystalline band-gap structure, such as a semiconductor. The density of states of light has a narrow singularity near the photonic band edge, or equivalently, the group velocity v g of the band edge tends toward zero, so lasing action is expected at the band edge if the gain inside the photonic band-gap material is high enough.
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The propagation of light in such PCs is analogous to the well-known wavelike propagation of electrons in a crystalline band-gap structure, such as a semiconductor. The density of states of light has a narrow singularity near the photonic band edge, or equivalently, the group velocity v g of the band edge tends toward zero, so lasing action is expected at the band edge if the gain inside the photonic band-gap material is high enough. 2, 3 Planar cholesteric liquid crystals ͑CLCs͒ ͑Ref. 4͒ with self-organized helical structures can be considered to be a one-dimensional photonic band-gap material. When the band edge overlaps the emission spectrum ͑gain bandwidth͒ of the laser dye, and the optical pumping is sufficiently strong, lasing of dye-doped CLC is observed at the band edges. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The CLC in the system is a distributed cavity host and laser dye is the active material. The central wavelength of the reflection band is the product of the mean refractive index of the liquid crystal ͑LC͒ and the pitch of CLC, = np, and the reflection bandwidth is the product of the refractive index anisotropy ͑⌬n ϵ n e − n 0 , where n e ͑n 0 ͒ is the extraordinary ͑ordinary͒ refractive index of a LC͒ and the pitch, i.e., ⌬ = ⌬np. Right-handed circularly polarized laser output is observed when the sample cell has a right-handed CLC. The benefit of a dye-doped CLC laser system is that its lasing wavelength can be tuned by varying the pitch of CLC. Over the past few years, several methods have been developed to control the lasing action in a dye-doped CLC system. For instance, changing the concentration ratio of the chiral dopant, 11 using a concentration gradient, 15 and external conditions, such as mechanical stress, 7-9 temperature, 10 electric field, 11 and optical field, were able to control the laser operation. 12, 13 We previously reported dye-doped CLC lasing by an optical method. 16, 17 Adding a tunable chiral monomer or a chiral azo dye enables the lasing wavelength to be tuned when the sample cell is exposed under ultraviolet light. Other groups have reported an electric method; 11 however, it is difficult to tune the laser wavelength by electrical method. This work reports the control of dye-doped CLC lasing by applying an electric field. The experiments show that the dye-doped CLC laser wavelength can be tuned by changing the applied dc voltage. Furthermore, the laser can be switched on/off by controlling the frequency of an applied ac voltage.
A negative dielectric anisotropy CLC sample was prepared by mixing a chiral material ͑S811, Merck͒ with negative dielectric anisotropy ͓⌬ ϵ ʈ − Ќ Ͻ 0, where ʈ ͑ Ќ ͒ is the dielectric constant of a LC with its director axis being parallel ͑perpendicular͒ to the applied E field͔ nematic LCs ͑95% MLC6608 and 5% ZLI2293, Merck͒ in an appropriate ratio ͑ϳ67: 33͒. Following homogeneous mixing, ϳ0.5 wt% of laser dye, 4-͑dicyanomethylene͒-2-methyl-6-͑4-dimethlyaminostryl͒-4H-pyran ͑Exciton͒ was dissolved in the cholesteric host. Notably, the Bragg reflection edges of the CLC sample had to be within the emission spectrum of the laser dye to cause lasing. The final compound was injected into an empty cell that had been made from two glass plates coated with indium-tin oxide and separated by a 15 m thick spacer. The surfaces of the glass plates were coated with a polyimide and rubbed to promote the homogeneous alignment of the cell. The sample thus formed was a planar CLC whose helical axis ͑parallel to the z axis͒ was perpendicular to the surface of the cell. Figure 1 presents the transmission spectrum of a sample to which dc voltages of 0, 100, and 200 V were applied along the helical axis. Clearly, the central wavelength of the reflection band is blueshifted when a dc voltage is applied. The threshold voltage for the shifting of a band is around 30 V. Most importantly, the spectral edges are very sharp and the band shift is distinct. This band shift characteristic differs from that of a homogeneously aligned CLC system that exhibits positive dielectric anisotropy. In the case of positive dielectric anisotropy, the reflection band is distorted and the blueshift in the red wavelength region is almost negligible. 18 When a dc field is applied along the helical axis in planar CLC texture, the sample tends to undergo conical deformation, so the reflection band is strongly distorted. Applying a weak dc voltage slightly blueshifts the central wavelength in the green wavelength region, but the reflection edges are not sharp. 18 The blueshift is caused by the pitch contraction 19 and the periodic distortion of the planar texture, 20, 21 according to a calculation that accounts for only the elastic deformation energy and the electric field energy. However, an electric field applied along the helical axis further stabilizes the CLC planar texture when the dielectric anisotropy is negative. The blueshift in Fig. 1 is believed to be caused by the electrohydrodynamical effect. Helfrich theory 22, 23 indicates that when a field is applied along the helical axis of a planar CLC cell with a negative dielectric anisotropy and a positive anisotropic electric conductivity, the induced distortion of the LCs causes the segregation of space charges. The space charges interact with the electric field, causing the LCs to flow. The flow is accompanied by a shear stress and then the shear applies a torque on the LC molecules. The shearinduced torque tends to alter the direction of the preferred axis and so reacts to the orientation pattern to form the sinusoidal periodic distortion of a planar CLC cell. Such a periodic distortion is responsible for the blueshift of the CLC reflection spectrum. The shift depends on the extent of the distortion. The band shift presented in Fig. 1 can be used to realize a tunable CLC laser. Figure 2 presents the transmission spectra of a CLC cell when 100 V ac with frequencies of 0, 30, and 50 Hz, is applied. The central wavelength of the reflection band is not shifted. However, the reflection edge is broad and decreases as the ac frequency is increased to 50 Hz. The decline in the transmission and the broadening of the reflection band are caused by dynamic scattering of the sample. In fact, dynamic instability is clearly observed under a polarized optical microscope. Therefore, CLC can be switched on ͑off͒ by varying the frequency of the applied voltage between 0 and 50 Hz.
The pumping source is a single pulse of secondharmonic generation ͑ = 532 nm͒ from a Q-switched Nd:YAG laser. The duration of the Q-switched pulse is around 8 ns. A focusing lens with a focal length of 10 cm was used to focus the pump laser on to the sample at an angle of incidence of 45°. The diameter of the pumping spot on the sample cell is estimated to be approximately 500 m. The CLC cell lased in the direction of the normal of the surface. A detector connected to a spectrometer records the lasing output from the cell. Figure 3 presents the fluorescence spectrum of the dyedoped CLC sample pumped by a single pulse when the pumping intensity is less than the lasing threshold ͑ϳ1 J͒. Clearly, the dye's emission in the photonic band of CLC between 605 and 643 nm is reduced, but is enhanced at the edges of the reflection band. Notably, the lasing threshold of the long wavelength edge is lower than that of the shortwavelength edge, so lasing is expected at the longwavelength edge of the reflection band. Figure 4 shows the lasing spectra of the CLC sample when a dc voltage of 0 or 150 V is applied. The lasing wavelength is 643 nm when 0 V is applied and 629 nm when 150V is applied. Figure 5 plots the lasing wavelength of the sample against the applied dc voltage. The blueshift of the reflection band causes a blueshift of the lasing wavelength. Further increasing the dc voltage ends the laser action because it breaks the quasi-planar texture. When the applied field is switched from dc to 50 Hz ac, while the amplitude is maintained at 100 V, the lasing disappears, because the electrohydrodynamic instability causes the dynamic scattering of the sample, reducing the transmission and broadening of the reflection band, as presented in Fig. 2 . Therefore, the CLC lasing can be switched on ͑off͒ by applying a dc ͑ac͒ voltage.
In conclusion, this work establishes the feasibility of a CLC laser with both electrically tunable and switchable capabilities. CLC with negative dielectric anisotropy exhibits an electrohydrodynamic effect when an electric field is applied. The lasing can be switched on ͑off͒ by applying a dc ͑ac͒ voltage. Additionally, the lasing wavelength can be tuned by altering the applied dc voltage.
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